We discuss how one may determine whether some Higgs particle is an eigenstate of CP or not, and if so, how we may probe whether it is CP -odd or CP -even. The idea is applied to Higgs decay where correlations among momenta of the decay products may yield the desired information. These are correlations of decay planes defined by the momenta of pairs of particles as well as correlations between energy differences. In the case that the Higgs particle is an eigenstate of CP , our study includes finite-width effects. The correlations between energy differences turn out to be a much better probe for investigating CP properties than the previously suggested angular correlations, especially for massive Higgs bosons. *
Introduction
When some candidate for the Higgs particle is discovered, it becomes imperative to establish its properties, other than the mass. While the standard model Higgs boson is even under CP , alternative and more general models contain Higgs bosons for which this is not the case. One may even have CP violation present in the Higgs sector. We shall here discuss how decay distributions may disentangle a scalar Higgs candidate from a pseudoscalar one [1] , and next, by allowing for CP violation in the Higgs sector, discuss some possible signals of such effects [2] . This situation is similar to the classical one of determining the parity of the π 0 from the angular correlation of the planes spanned by the momenta of the two Dalitz pairs [4] , π 0 → γγ → (e + e − )(e + e − ).
In non-standard or extended models of the electroweak interactions, there exist "Higgs-like" particles having negative CP . An example of such a theory is the minimal supersymmetric model (MSSM) [3] , where there is a neutral CP -odd Higgs boson, often denoted A 0 and sometimes referred to as a pseudoscalar.
The origin of mass and the origin of CP violation are widely considered to be the most fundamental issues in contemporary particle physics. Perhaps for this very reason, there has been much speculation on a possible connection. This is also in part caused by the fact that the amount of CP violation accommodated in the CKM matrix does not appear sufficient to explain the observed baryon to photon ratio [5] .
We shall here consider the possibility that CP violation is present in the Higgs sector, and discuss some possible signals of such effects in Higgs decay. While the standard model induces CP violation in the Higgs sector at the one-loop level provided the Yukawa couplings contain both scalar and pseudoscalar components [6] , we actually have in mind an extended model, such as e.g., the two-Higgs-doublet model [7] .
Below we postulate an effective Lagrangian which contains CP violation in the Higgs sector. In cases considered in the literature, CP violation usually appears as a one-loop effect. This is due to the fact that the CP -odd coupling introduced below is a higher-dimensional operator and in renormalizable models these are induced only at loop level. Consequently we expect the effects to be small and any observation of CP violation to be equally difficult.
CP non-conservation has manifested itself so far only in the neutral kaon system.
In the context of the Standard Model this CP violation originates from the Yukawa sector via the CKM matrix [8] . Although there may be several sources of CP violation, including the one above, we will here consider a simple model where the CP violation is restricted to the Higgs sector and in particular to the coupling between some Higgs boson and the vector bosons. Specifically, by assuming that the coupling between the Higgs boson H and the vector bosons V = W, Z has both scalar and pseudoscalar components, the most general coupling for the HV V -vertex relevant for decays to massless fermions may be written as [9, 10] 
with k j the momentum of vector boson j, j = 1, 2. The first term is the familiar CP -even
The second term stems from the dimension-5 CP -even
The last term is CP odd and originates from the dimension-5 operator ǫ µνρσ V µν V ρσ H. Simultaneous presence of CP -even and CP -odd terms leads to CP violation, whereas presence of only the CP odd term describes a pseudoscalar. The higher-dimensional operators are radiatively induced and we may therefore safely neglect the contribution from the second term. The strength parameter η may in general be complex, with the imaginary part arising from e.g. final state interactions.
Related studies have been reported by [9] in the context of correlations between decay planes involving scalar and (technicolor) pseudoscalar Higgs bosons. It should be noted that the present discussion is more general, since finite-width effects of the vector bosons are taken into account. This enables us to investigate the angular correlations for Higgs masses below the threshold for decay into real vector bosons. In the context of CP violation, related studies have been reported by [10] . Recently, Arens et.al. [11] have investigated the energy spectrum in Higgs decay to four fermions. In doing so, one does not have to reconstruct the decay planes, and hence one is able to study final states involving neutrinos and identical fermion pairs. In both cases we discuss correlations between energy differences. It turns out that under suitable experimental conditions these correlations provide an even better signal for investigating CP properties.
In the next section we will discuss the possibilities of distinguishing CP -even from CP -odd eigenstates. In section 3, we will study possible signals of CP violation in Higgs decay.
Signals of CP eigenstates in Higgs decay
We consider here the decay of a standard-model Higgs (H) or a 'pseudoscalar' Higgs particle (A), via two vector bosons (W + W − or ZZ), to two non-identical fermion-antifermion pairs,
The two vector bosons need not be on mass shell.
If we let the momenta (q 1 , q 2 , q 3 , and q 4 ) of the two fermion-antifermion pairs (in the Higgs rest frame) define two planes, and denote by φ the angle between those two planes, then we shall discuss the angular distribution of the decay rate Γ,
and a related quantity, to be defined below, both in the case of CP -even and CP -odd Higgs bosons.
In order to parameterize the vector and axial couplings, we define the couplings involving vector bosons V 1 and V 2 in terms of angles χ 1 and χ 2 as
3)
The only reference to these angles is through sin 2χ. Relevant values are given in table 1 of ref. [1] . The couplings of H and A to the vector bosons are given by retaining only the first and last term in (1.1), respectively.
We first turn to a discussion of angular correlations. The distributions of eq. (2.2) take the form
The functions α and β depend on the ratios of the masses of the vector bosons to the Higgs mass. They are given in [1] . In the narrow-width approximation these decay correlations are identical to the ones reported in [9] and our analysis fully justifies this approximation.
However, our analysis is valid also below the threshold for producing real vector bosons, m < 2 m V . A representative set of angular distributions are given in Fig.1 (left) for the cases H → (l + ν l )(bc) and H → (l + l − )(bb) for m = 70, 150, 300 GeV and m = 70, 300 GeV, respectively. (Of course, jet identification is required for this kind of analysis.)
There is seen to be a clear difference between the CP -even and the CP -odd cases.
Let us now turn to a discussion of energy differences. In order to make the difference between the SM and CP odd distributions more significant, we multiply the differential cross sections with the energy differences (ω 1 −ω 2 )(ω 3 −ω 4 ) before integrating over energies. 6) in the CP -even case, whereas there is no correlation in the CP -odd case. The function κ is given in [1] . A representative set of distributions (2.6) are given in Fig.1 (right) in the cases H → (l + ν l )(bc) and H → (l + l − )(bb) for m = 70, 300, 500 GeV and m = 70, 300 GeV, respectively. In this latter case, we compare an uncorrelated distribution with a strongly correlated one.
Signals of CP violation in Higgs decay
The present discussion will be along similar lines as in the preceeding section, now allowing for both the SM and the CP odd term in (1.1). Although η may be complex in general, we shall here assume it to be real. The reasons are threefold: 1) The results turn out to be valid for any value of η.
2) The predictive power increases by introducing one, and not two, parameters. 3) If we had kept η complex our results would still have been valid to order (Im η) 2 in the case of purely angular distributions and in the energy-weighted case the imaginary term would have been suppressed by sin 2χ-factors.
Due to our ignorance concerning η, we have to use the narrow-width approximation.
This is of course only meaningful above threshold for producing real vector bosons. The distribution of eq. (2.2) then takes the compact form
Measurement of this rotation δ of the azimuthal distributions, would demonstrate CP violation in the coupling between the Higgs boson and the vector bosons. In order to facilitate such a possibility, we introduce the following measures of the asymmetry:
where the unprimed observables correspond to the SM prediction (modulo corrections of order η 2 ) and the primed ones correspond to the CP violating contributions. This identification is evident when we note that, for any η,
Presence of CP violation will now manifest itself as a non-zero value for the observables A ′ and B ′ ; the magnitude of CP violation may be determined from the angle δ,
In principle, this allows for consistency checks, since the two expressions in eq. (3.6) are closely related. However, a possible experimental observation of CP violation is strongly dependent upon the magnitudes of the observables B ′ and A ′ . A first question in this direction is: which of them is easier to detect? In order to answer this question, we may study the ratio
This ratio is independent of η. In the case of Let us now turn to a discussion of the decay rate weighted with energy differences.
In the narrow-width approximation we obtain 9) which is independent of η. As in eqs. (3.4)-(3.3) we introduce the following measures of asymmetry:
Hence, this set of observables provides yet another way of measuring the CP violating phase δ. Although the ratio of these energy-weighted observables coincides with, or is trivially related to the previous ones, the possibility of demonstrating a presence of CP violation has increased significantly. The ratio
is given in Fig. 2 (right) for η = 10 −3 , 10 −1 , and 1 in the cases of
and H → ZZ → 4l. We see that the energy-weighted CP -violating observable C ′ is a much more sensitive probe for establishing CP violation than the former ones. The amplitude function κ ′ (m)/ρ of (3.8) is given in [2] for the cases H → W + W − → 4f and H → ZZ → 4l. This amplitude turns out to be comparable to, or much bigger than unity for arbitrary values of η and for Higgs decay to any observable four-fermion final state.
Summary and conclusions
We notice that the special cases η = 0 and η ≫ 1 in the former section correspond to the CP even and CP odd eigenstates, respectively. Hence, the distributions (3.1) and (3.8) should be interpreted as being intermediate to the two eigenstates; see Fig.1 .
We see that the energy-weighted distribution is generally a much more sensitive probe for CP than the purely angular distribution of eq. (2.2). In addition, for V = Z → 2l the sin 2χ-factors provide an enhancement in the energy-weighted amplitude function, and it is encouraging that this enhancement occurs for the so-called "gold-plated mode"
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